Current industry practice for the measurement of strain is the electrical resistance foil strain gauge. These sensors are time consuming to install and require three shielded wires per sensor, which can add considerable weight and complexity to the structure under test when high-density strain surveys are required. Electrical gauges are also prone to fatigue and require frequent calibration when installed on operational aircraft. Distributed fibre optic strain measurement systems present the opportunity to significantly reduce installation costs and complexity as well as addressing some of the durability and performance issues associated with electrical gauges.
Evaluation of a Distributed Fibre Optic Strain Sensing
System for Full-Scale Fatigue Testing
Executive Summary
Current industry practice for the measurement of strain is the electrical resistance foil strain gauge. These sensors are time consuming to install and require three shielded wires per sensor, which can add considerable weight and complexity to the structure under test when high-density strain surveys are required. Electrical gauges are also prone to fatigue and require frequent calibration when installed on operational aircraft. Distributed fibre optic strain measurement systems present the opportunity to significantly reduce installation costs and complexity as well as addressing some of the durability and performance issues associated with electrical gauges.
This report details an experimental comparison between the performance of conventional electrical resistance foil strain gauges and a commercially available fibre optic distributed strain measurement system based on Rayleigh scattering. The results presented compare strain response, spatial resolution and noise levels between the two systems, firstly on coupon specimens containing fatigue-induced cracks and secondly on a full-scale fatigue test article consisting of a centre barrel of an ex-service F/A-18 subject to simulated operational spectrum loading.
In most areas the optical strain data compares well with measurements made using foil strain gauges however, there are some limitations to the system particularly when measuring strains in regions of high strain gradient. Despite these limitations, in many cases there is potential for Rayleigh scattering to provide detailed strain measurements at a substantially reduced cost per sensing point compared to conventional electrical resistance foil strain gauges.
Introduction
Full-scale fatigue tests (FSFTs) are conducted for the Royal Australian Air Force (RAAF) to support the structural integrity management plans of their various fleets [1 2] . Loads that simulate flight are applied to the airframe to generate representative fatigue damage that would be expected in service. Such tests are typically conducted to validate the design safe life, or determine when and where structural failure will occur. Information such as critical crack sizes and failure modes can be ascertained to support engineering analyses, which in some cases may even assist in the development of service life extension strategies [3] .
Structural integrity management relies heavily on strain measurements taken during FSFTs. These are generally recorded at multiple points across the airframe, including regions of low stress gradient as well as high density spatial recordings in regions of high stress gradient at known hot spots and areas of interest. Large and/or complex structures may have thousands of strain sensing points, providing detailed data on the fatigue damage profile of the aircraft. FSFT strain results are also used directly to perform structural calculations, compare against flight test data, or verify finite element model predictions.
The industry standard method of measuring strain has been to use electrical resistance foil strain gauges (FSGs). This measurement technique is well established and has been in use for decades [4] . However, the installation of FSGs for detailed strain surveys can be both complex, time consuming, resource intensive and costly.
Generally, three shielded wire cables are required per FSG to connect to the resistance measurement system. This becomes a major installation issue when there are thousands of sensing points across an airframe. These shielded wire cables add an additional layer of complexity to the installation of FSGs; occasionally additional gantries are needed to route the thousands of wire cables as shown in Figure 1 . This electrical wiring also adds non flight-representative weight to the structure and can obstruct non-destructive inspections of the airframe under test.
Optical fibre based sensing systems present the opportunity to significantly reduce installation complexity and weight since strain sensing is distributed along one optical fibre with a cross section approximating the dimensions of a human hair. These sensing systems are insensitive to EMI, fatigue and corrosion resistant and do not require ongoing calibration.
There are many fibre optic strain measurement systems that are currently commercially available for both discrete and distributed sensing. In particular, significant advances have been made in recent years in the use of Rayleigh scattering in optical fibres to measure strains [5] . This report documents the experimental evaluation of a commercially available distributed strain and temperature measurement system based on Rayleigh scattering in optical fibres. The aim of the evaluation was to assess the suitability of the technology as Optical fibre based strain sensors have been available for many years and are a potential alternative to FSGs. Optical fibres do not have the same electrical or mechanical drawbacks as FSGs. A single optical fibre can multiplex multiple sensing points along the fibre, which reduces the connection and installation issues that are inherent to most FSGs for broad area measurements. Fibre optic sensors can be broadly classified into two main types; discrete or distributed. Discrete sensors rely on transducers incorporated into the optical fibre at discrete locations that provide a reading of the strain experienced by the optical fibre at that point, thus providing a pseudo-distributed strain measurement. Truly distributed fibre optic strain sensors rely on the material properties of the fibre itself. Here, the entire fibre acts as the sensor and changes to the back-scattered light are used to characterise the strain experienced by the fibre. Further details about each of these strain sensor classes are given in the proceeding sections.
Discrete Fibre Optic Strain Sensors
The two main types of discrete fibre optic strain sensor are Fibre Bragg Gratings (FBGs) and Fabry-Perot (F-P) cavity based sensors.
FBGs are the most common type of discrete strain sensor [6] . A fibre Bragg grating is a periodic change in refractive index written into the core of an optical fibre. Bragg gratings are designed to reflect light travelling down the core of the optical fibre at a specific wavelength determined by the period of the index modulation. When the fibre is stretched or compressed the period of the index modulation changes and hence so does the wavelength of the reflected light.
The equation governing this relationship is defined as; λ B =2nΛ [1] where λ B is the peak wavelength of the reflected light, n is the effective refractive index of the fibre and Λ is the pitch of the grating. Multiple gratings designed to reflect light at different wavelengths can be written into a single optical fibre as represented schematically in Figure 2 providing an effective way to achieve high density distributed strain sensing without the requirement for complex wiring.
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Figure 2: Schematic diagram demonstrating the principle of operation of Bragg grating sensing using Wavelength Division Multiplexing (WDM).
Fabry-Perot based strain sensors rely on a cavity or gap incorporated into the fibre. This sensor measures strain by determining the cavity length variation using an interferometric interrogation technique [7] . F-P based sensors generally have a wider operating temperature range than FBGs but they are not as easily multiplexed which makes them less attractive for multi-point measurements of strain.
Fibre Optic Distributed Strain Sensors
Distributed fibre optic sensing relies on the principle that every optical fibre has a unique scattering signature based on its material properties. This scattered signal remains constant in the absence of external factors. Changes in strain and/or temperature along the optical fibre cause changes to the fibre's material properties influencing its scattering signature within this region. These changes in scattered signal can be quantified to provide a distributed measurement of strain. The three main scattering mechanisms which may be interrogated to provide a measure of strain are Rayleigh, Brillouin and Raman [8] .
Scattering-based measurement systems have been commercially available for some time, mainly relying on Raman or Brillouin scattering. Optical Time Domain Reflectometry (OTDR) is a common way to interrogate the fibres for Brillouin and Raman scattering. There are different variants on this method but the basic principle is the same. OTDR uses the time of flight of the back-scattered light to determine the location of the strain. These systems allow distributed measurements over long distances (up to kilometres) but tend to have poor spatial resolution and long acquisition times. Typical field applications for these systems include pipeline monitoring and structural health monitoring of large-scale infrastructure such as roads and bridges. the range of frequency window directly proportional to the sensor gauge length. An inverse Fourier Transform is then applied to each frequency window, giving a unique fluctuating intensity profile for the unstrained fibre as shown in Figure 4 . This pattern is characterised prior to shipment of the sensing fibre. Any changes in temperature or strain to the fibre will induce a frequency shift to this profile, which can be used to measure the temperature or strain. 
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Specifications Of Odisi System
The Luna ODiSI -B system can be supplied with several sensing resolutions and sampling frequencies as outlined in Appendix A. One option comes supplied as standard and additional measurement modes are provided as software options. The standard and high resolution modes of operation were evaluated as part of this study.
The standard mode has gauge lengths of 5.12 mm measured in 2.56 mm intervals with an acquisition rate of up to 100 Hz. The higher resolution mode has gauge lengths of 1.28 mm measured at 0.64 mm intervals with a maximum acquisition rate of 23.8 Hz. Any test that requires both resolution modes must be run twice so that the data can be acquired in each mode. Each individual sensing fibre is supplied with a USB flash drive containing the scattering profile for the unstrained fibre, which is used as a baseline for the measurement.
There are two ways to analyse the reflected back scatter. Live processing acquires and processes the data "on the fly" providing a real-time measurement of strain. The other alternative is to record the back scattered signal for post processing at a later date. There are pros and cons to each method of data processing.
The rate at which the data can be processed live is limited by the hardware and depends on the size of the data stream. Thus, it becomes a compromise between resolution and fibre length as shown in Table 1 but the sampling rate is typically significantly less than the maximum rate specified by the manufacturer. The post-processed data can be acquired at the maximum speed indicated by the system specifications but the file sizes for UNCLASSIFIED 6 the unprocessed data are very large as indicated in Table 2 , rendering them impractical for long-term studies. 
Experimental Qualification: Coupon Testing
Determination of Minimum Fibre Bend Radius
Prior to any performance evaluation of the Luna ODiSI-B system, a preliminary experiment was conducted to investigate the effect of fibre curvature on optical loss of the system. The purpose of this experiment was to determine the minimum fibre bend radius that could reliably be accommodated in a measurement system without compromising signal integrity. The test article was a 0.8 mm thick 4-ply carbon fibre panel (Hexcel M18 prepreg) with a 0°, +45°, -45°, 0° lay-up. Polyimide (Kapton) tape was used to attach a 1 m long optical fibre to the surface of the composite plate in a curved geometry as shown in Figure 5 (a).
The panel was clamped to the bench at one end with a weight placed on the far end to provide a cantilevered loading arrangement. This loading arrangement induced a monotonically decreasing strain gradient along the length of the fibre from the clamp region to the far end of the plate. Nine strain regions from the fibre (three along each sensing line) were monitored as indicated by the dots in Figure 5 . The distance between the parallel lines of the fibre (x) was reduced from 50 mm to 10 mm in 10 mm steps, giving a radius of curvature (r) from 25 mm to 5 mm. At each distance, a strain measurement from the nine points indicated in Figure 5 was taken using both the high and standard resolution modes.
Figures 6(a) and (b) shows the dynamic response from the second measurement point for the high and low-resolution measurement modes over a 60-second measurement interval. All the measurements were taken with the beam loaded with the exception of the 5 mm radius geometry where the measurement was taken unloaded. 
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The results confirm that strain measurements were possible without any loss of data or discernible increase in noise in both high and standard resolution measurement modes for all radii tested up to a minimum curvature radius of 5 mm. This implies that the sensing fibre should be able to operate when routed in complex geometries requiring small bend radii. There was a larger overall noise level observed on the higher resolution measurements as compared to the lower resolution measurements associated with the smaller scattered signal from the shorter measurement interval. The same surface preparation was used prior to attachment of both the FSGs and the optical fibre (de-greasing followed by light abrasion and cleaning).The FSGs were attached using a standard general-purpose strain gauge adhesive (Vishay Micro-Measurement, MBond 200) and the optical fibre was attached using a UV curable adhesive (Norland Optical Adhesive, NOA-61) [9 10 ].
Kapton tape was used to pre-tension and hold the optical fibre in place temporarily prior to bonding and a Dino-Lite Digital Microscope and vernier calipers were used to assist in positioning the fibre to mirror the location of the FSGs. The first 10-20 mm of the sensing fibre was not bonded as it is important that this section of the fibre remains unconstrained to assist with the vibration correction algorithm implemented by the software.
A small paintbrush was used to apply the NOA-61 along the length of the optical fibre using several light applications to build up the adhesive to just cover the optical fibre. The primary direction of application was along the fibre, but brush strokes were also applied at a shallow angle relative to the substrate and perpendicular to the direction of the fibre to ensure a uniform bond line underneath the optical fibre. A broad area Maxima ML-3500 S UV-A lamp was used to cure the adhesive for approximately 2-3 hours. Table 3 shows the final position of the optical fibres and FSGs relative to the edge of the hole as measured by the digital microscope after curing. It should be noted that although the second optical fibre line was 200 microns closer to the hole than the corresponding FSG the strain field experiences a much smaller gradient in this region and so a reasonable comparison can still be made. A hydraulically actuated uni-axial test machine, with a 50 kN capacity, was used to apply static loading according to the loading schedule in Table 4 . Whilst setting up the specimen in the test machine care was taken to align the specimen perpendicular to the loading grips to ensure symmetric loading on either side of the hole.
At each loading interval the strain experienced by the optical fibre was measured using the ODiSI B in both high and low resolution modes. The FSG acquisition system utilised a National Instruments Ethernet chassis (NI cDAQ-9188XT) incorporating three quarterbridge 120Ω strain modules (NI 9235) to give a total of 24 strain channels. The strain measurements were recorded on a PC from the NI cDAQ-9188XT via an Ethernet connection. In addition to the static loading measurements, the coupon was cyclically loaded to a peak load of 16 kN at 5 Hz and the full-field stress distribution measurement around the hole was achieved using thermoelastic stress analysis (TSA). The primary purpose of the TSA scan was to confirm that the coupon was symmetrically loaded. The first major feature to note in Figure 9 (a) is that there is no data recorded by the optical fibre in standard resolution mode in the region close to the edge of the hole where the strain gradient is largest. One of the main assumptions for the ODiSI B system is that the strain across a gauge length is uniform. If this assumption is violated it is difficult to crosscorrelate the scattered reflection spectra between the strained and unstrained fibre. There is a cross correlation threshold set in the software algorithm. As the signal to noise ratio approaches this threshold the data will start to drop-out.
An additional experiment was performed to determine the limits of the standard resolution mode to measure strain gradient. This test measured the strain distribution in standard resolution mode along line 2 as the applied load was incremented in 2 kN steps. The resultant strain distributions are shown in Figure 10 . For the lower loads where the strain difference between successive measurement points was reasonably small, the strain values were calculated reliably by the ODiSI B system. As the load increased the strain data in the high gradient region began to destabilise (when the strain difference between the measurement points approached approximately 100 με) as shown in Figure 10 (b). Once the strain difference between measurement points had increased beyond 150 με the measurement data had completely dropped out as shown in Figure 10 (e). These values are broadly consistent with advice received during correspondence with the manufacturer on this issue.
By comparison, the high resolution mode has not dropped out over the same strain gradient. The gauge length for the high resolution mode is much shorter (1.28 mm as opposed to 5.12 mm for the standard mode), thus the strain difference is not as large within the measurement region. However, having smaller gauge lengths gives a higher noise level as shown in Figures 6 and 9 . Another feature to note with the data recorded in the standard resolution mode is that local strain features may be lost. This is effectively demonstrated along sensing line 2 as shown in Figure 9 (b) where the local dip in strain at the centre of the hole is not resolved by the optical measurement system when measuring in standard resolution mode.
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The final discrepancy between the data sets in Figure 9 is the underestimation of the peak strain by approximately 10% by the optical system measuring in high resolution along sensing line 1. The TSA scan data was analysed and confirmed symmetric loading as shown in Figure 11 , thus the discrepancy could not be attributed to asymmetric strain distributions between the RHS and LHS of the hole.
The analysis of the strain gradient data in the standard resolution mode (Figure 10 ) showed in regions of high strain gradient, prior to drop-out of the data, there was greater spread and reduced accuracy of the strain data. Correspondence from the manufacturer indicated that this threshold was approximately 500 με (across 1.28 mm) for the high resolution mode. The strain difference predicted by the model in this region was 520 με, so this was likely to be the reason for the underestimation of the strain data in this region. Both the experimentally measured and theoretically predicted strain at the centre of the hole where there is a high strain gradient was plotted against applied load as shown in
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Figure 12. This data shows an increase in the discrepancy between the optically measured strain and model predictions as the load increased. /100x1  9  3  35  120  10  4  39  120  11  3  42  120  12  3  45  120  13  3  48  120  14 1 50 120 Table 6 shows the results for the measured crack length after each loading interval. The crack length was measured at the front of the coupon (on the same side as the optical fibre) using the digital microscope. The crack length was also measured on the back side of the coupon using TSA with the coupon hole used to scale the measurement. Figures 15, 16 and 17 show the strain distribution as measured by the optical fibre for the three crack positions shown in Figure 14 . Only the data from the high resolution measurement is displayed as the standard resolution measurement mode was not able to resolve the strain gradient caused by the crack. 
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Figure 15: (a) Strain distribution measured by the 6 fibre lines after notch applied (prior to crack initiation); (b) TSA scan of notched coupon at same point
important feature to note is that, although the data drops out in the region surrounding the crack, the signal integrity from the remainder of fibre remains intact. The inference from this result is that there is no physical damage induced in the fibre as the crack propagates beneath it. Lines 1 and 2 are also showing strain relief behind the crack tip which is consistent with the theory and is also observed in the TSA scan (Figure 16 (b) ). Lines 4 to 6 also show a change in strain response to the undamaged state, with increasing strain near the crack tip detected by all fibres. Figure 17 (a) shows the response of the optical fibres as the crack has progressed to approximately 1 mm before the sixth sensing line at a distance of 27.6 mm from the edge of the hole. At this point there is loss of data from all the fibres in the region where the fibre traverses the crack which is consistent with the predicted behaviour and previous evidence in regions of high strain gradient. The crack opening distance under load at line 1 was measured to be approximately 100 µm. The optical strain data in the far-field away from the region of the crack is still consistent with the model, showing that the optical fibre is still physically intact. The strain relief is now apparent in the first four sensing lines of the fibre.
Full Scale Fatigue Testing
Test Article
The test article used for the FSFT trial was an ex-service Classic Hornet F/A-18 centre barrel (CB). The CB designation was CB19 and the test forms part of a larger testing program for ex-service F/A-18 A/B/C/D aircraft investigating the fatigue life, damage mechanisms and failure locations of this component when subjected to simulated operational spectrum loading [11] . 
UNCLASSIFIED 22
The CB is a key load bearing structure comprising of three centre fuselage bulkheads which transfer aerodynamic wing loads to the fuselage. The CB shown in Figure 18 is rotated 90 degrees from its nominal position and is housed in a test rig that applies Wing Root Bending Movement (WRBM) loads via frames connected to the wing attachment lugs on each of the three bulkheads. Figure 19 shows a schematic representation of the load actuation system identifying the hydraulic actuators and bulkheads. 
FSFT-Discrete Testing
The first experiment on the FSFT compared the performance of a FSG and the Rayleigh optical system for the measurement of strain at a single approximately co-located point. An FBG strain sensor was also applied in close proximity to the other two sensors. The sensing location was on the lower flange of the portside centre bulkhead (Y470.5) as shown in Figure 20 . The Y453 bulkhead had already failed and removed prior to the test.
The same surface preparation was used for all the sensors. All the protective coatings (paints and sealants) were removed and the surface was stripped back to bare aluminium in the region where the sensors were to be applied, followed by light abrasion and cleaning. The FSG was applied using a standard strain gauge adhesive (AE-10) according to standard procedures [9] . The Rayleigh scattering fibre and the optical fibre containing the FBG were bonded to the surface using a UV curable liquid photopolymer (NOA-61).
The adhesive was applied using a small paintbrush and then exposed to UV light using a UV LED torch (OPTIMAX 365 UV). Both optical fibres had approximately 80 mm of fibre bonded to the component in order to avoid edge effects in the region of the sensor. The gauge length of the FBG was 5 mm and the gauge length for Rayleigh sensing fibre was 5.12 mm in standard resolution mode and 1.28mm in high resolution mode. The gauge length of the FSG was 2mm.
Figure 20: (a) Close-up of strain sensors on the lower flange of the portside centre bulkhead; (b) Image of CB19 under test
The measurements from the Rayleigh optical fibre were recorded in high and standard resolution modes using the ODiSI B. The measurements from the FBG were made using a Micron Optics si-425 optical interrogator and the FSG measurements were recorded using the existing data acquisition system for the Centre Barrel test program which was a Hewlett Packard (HP) 3852A data acquisition unit. The CB was subjected to a stepped load survey in 10% increments up to 100% of the maximum spectrum load followed by a block of variable amplitude accelerated fatigue spectrum loading. Each block was applied twice so the Rayleigh system could acquire data in both high and low resolution mode. Figure 21 with the inset showing the strain response from a single test run (test 5) over a ten second measurement interval. The FSG measurement system was configured to only measure the strain at the turning points, thus only one point is recorded at each load cycle. The results show that there is reasonably good agreement between all measurement systems. The high resolution measurement showed a peak to peak noise level of 15 µε (0.87% of peak strain) and the low resolution gave a peak to peak noise level of 10 µε (0.58% of peak strain).The results from the FBG gauge by comparison show a much lower noise level. The noise level from the ODiSi B system is approximately 15 to 20 µε for the high resolution mode and 10 to15 µε for the low resolution mode which equates to 0.72% and 0.54% of the strain at this load level, respectively. The high resolution mode has a standard deviation in the signal of 5.4 με and the standard resolution mode has a 3 με standard deviation. As before the noise on the FBG measurement system is considerably less than the Rayleigh scattering measurement for both high and low resolution modes. Occasionally during this testing, some data drop outs and anomalous data points were observed from the ODiSi B measurements which correlated to momentary mechanical instabilities from the load actuation system during changes in the applied load.
Full Scale Fatigue Testing-Distributed Sensing
The final experiment investigated the potential of Rayleigh scattering to provide a broad area strain map from a dense optical fibre lay-up geometry. The strain distribution as measured by the optical fibre was compared to a full field stress map in the same region as measured by TSA. Unfortunately, there was no detailed FEA available in this region to enable a comparison with model predictions.
The measurement region was on the lower flange of the portside centre bulkhead (Y470.5) as shown in highlighted region of Figure 23 (a). The surface of the bulkhead in the measurement region was stripped of paint and protective coatings to expose the bare aluminium surface using Turco 5351. As the optical fibre and associated adhesive can interfere with the heat diffusion process, the TSA measurements were conducted first. The region of interest was spray painted with acrylic matt black paint to facilitate the TSA UNCLASSIFIED 26 measurement. The CB was loaded sinusoidally to 8% of peak spectrum strain at 1 Hz for 20 to 30 minutes to acquire the TSA scan.
Afterwards the black paint was removed with acetone and the surface was cleaned and lightly abraded before adhering the optical fibre. A 10 m long fibre was laid up in parallel lines approximately 6.4 mm (±0.2 mm) apart along a flange length of 240 mm starting at the aft edge as shown in the inset of Figure 23 . The fibre was bonded to the surface using the same adhesive as for the coupon testing (Norland Optical Adhesive, NOA-61). In this case, the adhesive was applied to the test area while it was in a nearly vertical orientation. To prevent the uncured adhesive running down the part, the adhesive was built-up in a series of light coats using a broad area Maxima ML-3500 S UV-A lamp to partially cure (30-60 secs exposure) the adhesive between coats. Three coats were applied to the fibre to cover the top surface of the fibre. After all the layers were applied, the region was fully cured under the UV lamp for 3 hours. The application of the fibre in this region required two operators, one to roll-out the fibre from the spool and pre-tension the fibre section and one to apply and cure the adhesive. shows the stress distribution as measured by the TSA. While a direct numerical comparison is not possible, the colour maps should show a similar distribution pattern as the stress and strain are directly proportional to one another. These colour maps show the entire region in compression with the dark blue representing the highest compression and the red the lowest compression. The digitisation of the colour maps generated from the optical fibre measurements is a feature of the measurement spatial resolution. Although the strain distribution is broadly in agreement between the high and standard measurement modes, there is more noise observed in Figure 24 (a) as opposed to Figure 24 (b) where the strain contours appear less pixelated. In the standard resolution mode there are data drop-outs where the fibre transitions from a bonded to an unbonded region. This transition results in a large strain gradient from the region of the fibre which is experiencing the strain of the structure to the unconstrained fibre. These drop-outs were not observed in the high resolution measurement mode where the measurement has been shown to be more tolerant of strain gradients. Another notable feature of the colour maps generated from the optical fibre is the band of high compression in the centre of the measurement region. This coincides with an integral vertical stiffener located on the opposite side of the flange which appears to be
UNCLASSIFIED 28 acting as a stress concentrator when the flange is under compression. There is also a region in the bottom RHS of the flange which shows a localised drop in strain in the region where the flange increases in cross-section. There is also a vertical stiffener on the underside which could also be reducing the strains.
The stress distribution measured by the TSA is broadly in agreement with the strain distribution measured by the optical fibre. The most notable difference is that there is a reduction rather than an increase in compressive stress in the centre band of the flange. In order to investigate this further, the quadrature response from the TSA scan was recorded and is shown in Figure 24 (d) . Ideally, the quadrature response across the structure should be uniform indicating an adiabatic response. However, in this case, there is non-uniform response along the flange and in the bottom RHS of the flange where the cross sectional area increases. This result shows that there is heat dissipation occurring in the structure because of the high strain gradients combined with a loading rate that is insufficiently high to ensure an adiabatic response. Unfortunately, it was not possible to increasing the loading frequency due to mechanical limitations with the load actuators. This means that stress measurements provided by the TSA scan will be erroneous in these regions. This result serves to highlight one of the potential drawbacks of full-field stress mapping using TSA, where it is not always possible to achieve an adiabatic response on complex structures under full-scale fatigue loading.
Spatial Offset Between Resolution Modes
Throughout all the experiments conducted as part of the testing of the ODiSI B there was a consistent spatial shift observed in the high resolution measurement with respect to the standard resolution measurement. The shift was estimated from the experimental measurements to be between 6.5 and 7.8 mm ahead of the standard resolution measurement.
Following communication with the manufacturer (Luna technologies) they confirmed that there is a spatial shift between the two measurement modes. The disparity between the modes is due to the fact that the coordinate system is mode-dependent. The following formula determines the difference: Spatial Shift = (2 x standard resolution gauge length) -(2 x high resolution gauge length)
Using the specified gauge lengths of 5.12 mm and 1.28 mm for standard and high resolution mode gives a spatial offset of 7.68 mm which is within the range of the experimentally measured offset. The spatial shift is independent of the fibre length or geometry and may be corrected in the post-processing. Without this correction the location of features on the strain distribution map will not be accurate without a mode specific reference point.
Discussion
The ODiSI B distributed fibre optic strain measurement system has a measurement resolution and acquisition rate which are suitable for application to full-scale fatigue testing for broad-area strain distribution measurements. However, the measurement length and spatial resolution come at the cost of acquisition speed. In many cases, it is necessary to post-process the data to achieve the acquisition rates specified by the manufacturer. This results in very large data files that are time-consuming and processor intensive to process for long-term testing.
The experiments presented in this report show that Rayleigh scattering can provide distributed measurements of strain with reasonable agreement to point strain measurements made using FSGs and FBGs in regions where there is no significant strain gradient. The unfiltered noise levels on the strain measured by the Rayleigh system in the standard resolution mode are higher than FBG strain measurements and of a similar order to FSGs. In addition, the noise levels from the Rayleigh measurement system are higher when interrogating across a smaller spatial measurement interval (i.e. in the high resolution mode).
In regions of high strain gradient, the cross correlation software, which measures the shift in Rayleigh scatter between the strained and unstrained states, can fail to measure the shift reliably resulting in loss of data. In the experiments presented in this report, the level of strain gradient that the system could tolerate was between 100 and 150 µε across a gauge length of 5.12 mm. In high resolution mode, strain gradients of up to 500 µε across a gauge length of 1.25 mm were recorded before a loss of data occurred. For strain gradients approaching these levels, the strain measurement from the Rayleigh measurement underestimated the strain level by up to 10%.
The reasonably narrow lateral footprint of the sensing fibre (250 µm) means that relatively large distances between consecutive sensing lines are likely in many applications. For structural features or defects that cause highly localised strain perturbations, it is possible that the distributed fibre will not pick them up if they occur between the fibre optic sensing lines. Thus, distributed fibre optic sensor networks are unlikely to eliminate the need for full-field stress mapping techniques such as TSA. They do however, offer certain advantages over TSA in that there is no requirement to cyclically load the structure and the measurement region can be larger and in-situ for the duration of the test, allowing for damage initiation detection and tracking. Further work is required to compare the measured strain distributions on complex geometries to model predictions and asses their effectiveness in model validation and refinement.
The application time to bond a 10 metre sensing fibre to the FSFT was approximately 2 hours. Twelve sections of the fibre were bonded which provided approximately 5000 sensing points in high resolution mode, which equates to a cost of approximately 5 cents per sensing point (not including installation costs). There are further economies of scale with longer fibres and/or bonded areas. These represent significant cost savings over conventional FSGs, as well as savings in installation time. However, it should be noted that in order to ensure reliable strain transfer between the structure and the fibre, the fibre must be pre-tensioned and in close contact with the structure along the entire bonded length. Tight bend radii should be avoided to minimise optical losses and excessive stress on the fibre. There are engineering challenges in achieving this with a long fibre on a complex geometry. In addition, the aligning the sensing axis in the line of the fibre needs to be undertaken carefully. If the requirement is for a large number of multi-axial strain sensors (similar to FSG rosettes) at disparate locations across a large structure then the potential benefits of an all-optical distributed strain sensing system may be reduced.
Conclusion
In summary, the results from this preliminary testing have shown that the use of Rayleigh scattering from optical fibres to make distributed strain measurements shows promise for application to FSFTs. The benefits are greatest when the structure under test has a smooth flat surface profile and high density or high sensor count distributed measurements over a large area are required. Further testing will be required to develop and refine fibre lay-up and bonding processes for complex geometries, tri-axial sensing and to investigate the reliability and durability of the fibre, adhesives and the measurement under long-duration structural testing. This report details an experimental comparison between the performance of conventional electrical resistance foil strain gauges and a commercially available fibre optic distributed strain measurement system based on Rayleigh scattering. Results are presented which compare strain response, spatial resolution and noise levels between the two systems, firstly on coupon specimens containing fatigue-induced cracks and secondly on a full-scale fatigue test article consisting of a centre barrel of an ex-service F/A-18 under simulated operational loading spectrum.
